The energy landscape of an ␣-quartz O vacancy in the lowest triplet state is investigated. Four local minima are identified and geometries, total energies, and electron paramagnetic resonance ͑EPR͒ parameters are obtained. On the basis of calculated values for the magnetic dipole interaction between the electrons two of the structures are identified with known triplet centers detected by EPR. The effect of Ge substitution is studied, and it is concluded that Ge impurities in silica act as traps for dangling bonds with a trapping energy of ϳ1.5 eV relative to Si ions.
I. INTRODUCTION
Refractive-index changes in silica glass induced by ultraviolet ͑UV͒ light have become an important tool in the manufacture of glass-based components for optical signal processing. Yet the origins of the effect are poorly understood and currently there is a great interest in mapping out the chemical processes occuring in undoped and doped silica under UV illumination.
1,2 A common experimental procedure has been to monitor the change in the optical and electron paramagnetic resonance ͑EPR͒ spectra as a function of UV radiation dose. One consequence of the irradiation which has been clearly established in this way is the formation of the so-called EЈ centers, 3 which carry both optical and EPR signatures. These centers have been well characterized, experimentally and theoretically, as arising from an unpaired spin localized in a Si dangling bond. On the basis of theoretical calculations Feigl, Fowler, and Yip 4 introduced the hypothesis that such states were created by ionization of neutral oxygen vacancies ͑NOV's͒, and this idea has been supported by several other investigations. 5, 6 When an electron is removed from a NOV the Si-Si bond present is weakened, and it becomes favorable for the system to enter another state in which one of the Si atoms passes through the plane of its O neighbors and hybridizes to a fourth O atom which becomes overcoordinated. The unpaired electron will then localize in the dangling bond of the remaining threefold coordinated Si atom. Based on these results it has become a common assumption that EЈ center formation is related to NOV ionization, but it is often difficult to account for the fate of the expelled electrons since electronlike paramagnetic centers do not show up in the same quantity as do the EЈ centers. 7 In addition, recent experiments 8 indicate that EЈ centers may be induced through one-photon processes by UV radiation below the absorption edge, which is hard to explain if ionization of an abundant defect species is required.
An important theoretical advance was recently made by Donadio, Bernasconi, and Boero. 9 Using a combination of constrained molecular dynamics with classical forces and quantum-mechanical calculations within the framework of density functional theory ͑DFT͒ ͑Refs. 10,11͒ to model the amorphous environment in glassy SiO 2 these authors investigated the transition of a NOV geometry into a twofold coordinated Si atom in the lowest triplet state. In these studies, a competing reaction was found, in which the NOV geometry was rearranged into a structure with the two unpaired electrons residing in unhybridized dangling bonds on wellseparated (4.35 Å) Si atoms. In this way, EЈ-like centers may be formed without ionization and a number of spectroscopic data, in particular those related to transformation of two-coordinated Si/Ge atoms, can be rationalized.
Important as these findings are, they also raise several questions. First, while the optical spectrum of a Si dangling bond would probably not be strongly perturbed by the nearby presence of another, the EPR spectrum would be characteristic of a triplet state ͑or, if only the singlet state is populated, would not be present at all͒ with strong magnetic dipole interactions which at a separation of 4 -5 Å would be comparable to the hyperfine interaction with a 29 Si nucleus. Yet the only experimentally observed triplet state in amorphous silica was apparently related to codoping with Cl or F impurities. 12, 13 One may of course speculate that the dangling bonds once separated diffuse further away from each other, but in that case how can direct experimental evidence of this reaction mechanism be obtained?
The purpose of the present work is to elucidate the possibility of EЈ center formation in neutral NOV's by carefully investigating the triplet energy landscape of an O vacancy in crystalline ␣-quartz using DFT. In ␣-quartz the ordered network structure greatly facilitates the comparison between theory and experiment, and several radiation-induced triplet states have been identified experimentally. 14 -16 It will be shown that reactions similar to the EЈ generating mechanism described by Donadio et al. can occur in ␣-quartz leading to dangling-bond separations of ϳ8 Å. Through analysis of the magnetic dipole couplings between the unpaired electrons these states can be related to two of the triplet signals observed in EPR experiments. By substituting some Si atoms with Ge in the structures found it is demonstrated that Ge impurities in silica act as traps for dangling bonds with a trapping potential of ϳ1.5 eV.
II. THEORETICAL APPROACH

A. Supercell geometry
The unit cell of ␣-quartz is hexagonal with a ϭ4.913 Å, c/aϭ1.10, and contains three formula units. The crystal exist in a left-handed and a right-handed form of which I choose to model the left-handed one. The internal coordinates can be specified in terms of four parameters u,x,y,z. In Bravais vector coordinates the internal positions are 17 All calculations reported here have been performed in a supercell constructed by doubling the ␣-quartz unit cell in all directions, thus obtaining a cell containing 24 formula units, or 72 atoms. The internal coordinates have been allowed to relax without symmetry assumptions to minimize the DFT energy functional used, and also the lattice parameters a,c have been optimized ͑to aϭ5.05 Å, c/aϭ1.097). Thus, the starting point is not completely similar to the structure specified above, but it is sufficiently close that the labeling of the different atoms in the cell can still be used. I will use the notation Si 1 i jk to specify a Si atom equivalent to Si 1 but shifted by the vector ia 1 ϩ ja 2 ϩka 3 where the a i are the basis vectors of the Bravais lattice basis (a 3 being the c-axis vector͒, and similar for the other atoms. The supercell is depicted in Fig. 1 010 . The importance of these latter atoms will become apparent in Sec. III A.
B. Computational methods
The electronic structure of the system is described by means of DFT using the generalized gradient approximation ͑GGA͒ to the exchange-correlation energy. 18 The resulting
Kohn-Sham equations are solved by means of a plane-wave expansion using Vanderbilt's ultrasoft pseudopotential ͑US-PP͒ approach. 19, 20 In all calculations, the plane-wave expansion is cut off at a kinetic energy of 25 Ryd, and the Brillouin zone integrations are approximated by sampling the ⌫-point only.
The calculation of hyperfine parameters requires knowledge of the wavefunction close to, or even right at, the nucleus, which appears to present a problem, since the pseudopotentials do not describe the wave function correctly in this region of space. To overcome this problem, I reconstruct the true wavefunction in the core region by augmenting the pseudo wave function along the lines described in Ref. 21 . Using this procedure, one obtains a wavefunction very similar to that of the projector augmented wave scheme introduced by Blöchl, 22, 23 which has been shown to give rather accurate results for the properties of interest here. 24 -26 For the isotropic part of the hyperfine tensor, core polarization effects are approximately taken into account by recalculating the core states while keeping the spin-polarized valence electron density fixed. This is not an exact approach, as it ignores the back reaction of the core spin polarization on the valence electron density, but it serves to give an idea of the magnitude of the core polarization effect. In the present case, core polarization was found to affect the isotropic hyperfine parameters by about 1-2 % in the case of 29 Si, 73 Ge whereas in the case of 17 O the correction in some cases amount to about 20%.
A significant contribution to the EPR spectra of triplet states comes from the magnetic dipole interaction between the two electrons. This interaction may formally be written as 
Here the greek indices label cartesian directions, rϭr 1 Ϫr 2 and rϭ͉r͉ is the distance between electrons 1 and 2. g is the electron g factor (Ϸ2.0023 for a free electron͒ while ␤ is the electron magnetic moment. The brackets denote an expectation value over the many-electron wave function. If the unpaired spins reside at spatially well separated defect sites only the mean-field term survives
͑3͒
In this formula, n 1 ,n 2 are the spin densities at defects 1 and 2. The spin density in the lowest triplet state is given correctly by an exact density functional theory, whereas this is not the case for the off-diagonal parts of the density matrix which would be needed to evaluate the short-range exchange corrections. In the present work the dipole interaction tensor will be approximated by Eq. ͑3͒. If the defects are far from each other their spin densities may be approximated by point dipoles and the D tensor will be proportional to r Ϫ3 . However, at intermediate distances, the finite spatial extent of the spin densities can give substantial corrections to this picture, and must be taken into account. The evaluation of the integral in Eq. ͑3͒ directly from the supercell spin densities is subject to errors arising from the finite supercell size and the resulting presence of repeated-image spin densities. A similar problem is encountered when describing charged states in a supercell approach, although in the magnetic case the leading error term decays with the cube of the lattice constant. For isolated molecules a method for eliminating interactions with repeated images has been devised by Blöchl, 27 but this is not straightforwardly extended to solids. To work around this problem, for each defect site a small cluster model including only a few atoms is set up based on the coordinates obtained in the supercell calculations. The resulting spin densities are then immersed in a supercell eight times larger than the one used for the DFT calculations and the integral in Eq. ͑3͒ is evaluated in reciprocal space. Errors arising from the dipole moments of repeated images in the enlarged cell can now be eliminated by Blöchl's procedure since the spin densities are well localized within the supercell. By further enlarging the cell it was found that the errors arising from higher-order moments of the image spin distributions were minute. Although the approach described implies some inaccuracies it still constitutes a considerable improvement over the point dipole approximation.
III. NUMERICAL RESULTS
A. Total energies and geometric structures
Without spin polarization, the removal of O 1 000 leads to the formation of a covalent bond between Si 1 000 and Si 2 000 . In the present calculation the equilibrium bond length comes out as 2.50 Å, which is in good agreement with results from other similar studies. 6, 26, 9 Going into the triplet state in this equilibrium structure implies the population of one bonding and one antibonding Si-Si state, i.e., a breaking of the covalent Si-Si bond. The penalty for this is calculated to be 5.6 eV. Since DFT in principle gives the true ground-state energy for every value of the total spin, this number constitutes a physical prediction of the GGA approximation. Experimentally, the lowest singlet-triplet transition is not observable, however, some elaborate theoretical studies have been performed by configuration-interaction ͑CI͒ calculations on small cluster models. Such calculations have predicted the lowest singlet-singlet transition in the system ͑which is observed experimentally͒ with good accuracy. 28 Predictions for the singlet-triplet excitation have varied between 6.2 and 6.9 eV depending on the computational details. 28, 29 This suggests that the GGA result underestimates the singlet-triplet transition energy by 10-20 %.
In the triplet state, the system initially relaxes to a new equilibrium configuration in which the Si-Si distance expands to 3.56 Å. The geometry, hereafter denoted T I , is shown in Fig. 2͑a͒ . The Si-Si distance is considerably larger than that found by Busso et al. 30 who concluded that the Si-Si distance was close to the value for the unrelaxed ␣-quartz structure (ϳ3.1 Å). On the other hand, the present result is close to the 3.69 Å found from Hartree-Fock calculations on a small cluster model by Pacchioni and Basile. 29 These authors reported a triplet-singlet decay energy of 0.57 eV when doing CI calculations in the Hartree-Fock equilibrium geometry, indicating that this decay cannot be responsible for the 2.7 eV luminescence observed to follow from NOV excitation. 31 In the present calculations, the tripletsinglet decay energy is ϳ1.5 eV, but this is likely to be an artifact of the GGA approximation: When the Si-Si bond is stretched the system starts to resemble a Hubbard model with a small hopping parameter. In such a problem hybridization is suppressed by the onsite electron-electron repulsion but this correlation effect is hard to capture with simple DFT energy functionals. Therefore, it must be expected that the singlet state energy is underestimated in DFT, yielding a too large value for the decay energy. The important result of the DFT calculation is the Si-Si distance in the triplet equilibrium geometry, since structural relaxations are better described in the supercell than in the small cluster model. Therefore, the present results support the conclusion of Pacchioni and Basile regarding the assignment of the 2.7 eV luminescence.
The existence of a second energy minimum in the triplet state was recently reported by Busso et al. 30 These authors used a perturbed cluster ͑PC͒ approach which embeds a central cluster of atoms surrounding the defect in an unperturbed crystal medium employing a Hartree-Fock energy functional with a posteori DFT-like correlation corrections. Only the positions of the first and second nearest neighbor shells to the O vacancy were relaxed. With this scheme, a minimum was found in which the Si 2 000 atom has passed through the plane defined by its three O neighbors into a ''puckered'' configuration. A similar minimum is found in the present work, as shown in Fig. 2͑b͒ . This geometry will be referred to as T II . The total energy of T II is 0.25 eV lower than that of T I , in very good agreement with the 0.3 eV found by Busso et al. The distance between Si 1 000 and Si 2 000 is now 4.07 Å and the Si 2 000 atom has moved within a distance of 3.12 Å of O 4 010 ͑labeled C in the figures͒. The Si-Si distance is in good accordance with the results of Busso et al., whereas the distance from Si 2 000 to O 4 010 is somewhat larger here, presumably due to the higher degree of relaxational freedom.
The T II structure also constitutes a local minimum in the singlet state, with localized antiparallel spins at the Si 1 000 and Si 2 000 atoms. The singlet-triplet energy difference is only ϳ0.05 eV ͑in favor of the singlet state͒. It is not clear how reliable the GGA approximation is in predicting such singlettriplet energy differences, but the result does indicate that very little interaction between the Si dangling bonds remains.
Using the geometry of a positively charged EЈ center as a starting point for relaxations in the neutral triplet state another pair of local minima were identified. These are depicted in Figs. 2͑c͒, 2͑d͒ and will be denoted T III and T IV , respectively. The bond between O 4 010 and Si 2 000 present in the charged EЈ center geometry has remained, whereas the bond between O 4 010 and Si 3 010 is broken. As a result, comparing T II to T III , T IV the dangling bond has been transferred from Si 2 000 to Si 3 010 and at the same time a three-membered ring structure has been formed. T III and T IV are distinguished by the position of Si 1 000 which is shifted through the plane of its nearest O neighbors when going from T III to T IV . The total energies of T III , T IV are, respectively, 0.8 and 1.0 eV higher than that of T II which constitutes the energy minimum for the equilibrium geometries found. While it is not unreasonable that increased lattice strain, in particular the formation of a threemembered ring structure, will disfavor the T III and T IV geometries it is important to bear in mind the limitations of the supercell approach. Quite generally, the use of a finite supercell leads to overestimation of defect formation energies due to the limited number of relaxational degrees of freedom. When the energies of different defect structures in the same supercell are compared these errors will cancel to some extent, but since complex reconstructions are likely to require more relaxation of the surrounding network such states will be disfavoured by the supercell approach in comparison with simpler geometries. T III and, in particular, T IV are on the limit of what can be reliably modeled in a 72-atom ␣-quartz cell. The distance from Si 1 000 to Si 3 010 in the T III (T IV ) geometry is ϳ7.7(8.5) Å, whereas the distance from Si 3 010 to the nearest repeated image of Si 1 000 is only ϳ5.8(5.5) Å. There is no appreciable electronic interaction with the repeated images since the dangling bonds do not point towards each other. This is evidenced by the small energy differences between singlet and triplet states in these geometries ͑0.04 eV for T III and 0.007 eV for T IV ). However, the elastic interactions with the image may lead to errors in the relative energies of the defect structures of a considerable fraction of an eV, and therefore the energy difference between T II and T III , T IV may be somewhat overestimated here.
It is interesting to notice that the total-energy results of Donadio et al. are quite different from those obtained here in that these authors found the state with separated dangling bonds ͑i.e., the equivalent of T III ,T IV ͒ to be favored over the ordinary NOV structure ͑relaxed in the triplet state͒ by as much as 1.6 eV. 9 Such a large difference is unlikely to be caused solely by the limited relaxational freedom, in particular since Donadio and co-workers also utilized a supercell approach ͑albeit with a slightly larger cell͒. This shows that the local environment around the NOV plays a decisive role in determining the relative energies of the various geometries, so a careful investigation of amorphous environments will be needed to elucidate the importance of similar states in silica glass.
B. EPR parameters
The most important parameters for identification of the triplet states with spectroscopic signals are the magnetic dipole-dipole couplings between the unpaired electrons since these depend strongly on the distance and relative orientation of the two unpaired spins whereas the hyperfine couplings are more indicative of the shape of each spin distribution close to the magnetic nucleus. As explained in Sec. II B the dipole-dipole coupling parameters are evaluated from the spin distributions of small cluster models set up by cutting out each of the three-coordinated Si atoms and its nearest O neighbors from the relaxed supercell geometries. Table I . The principal values have been converted to units of Gauss ͑G͒ by dividing by g␤.
The effect of the dipole-dipole interaction at zero magnetic field is to split the otherwise degenerate triplet levels, and at finite field to shift the Zeeman levels so that the two ⌬mϭ1 transitions do not have exactly the same energy. In EPR experiments, Zeeman transitions are usually induced by microwave photons of a fixed frequency while the uniform magnetic field is scanned over a range of values in search of microwave absorption peaks. If the dipole-dipole coupling is weak compared to the Zeeman splitting, as is usually the case, a triplet state will appear as a pair of nearby resonance lines. The distance between the lines depends on the orientation of the uniform magnetic field relative to the principal directions of the D tensor. For an axially symmetric tensor it can be shown that the maximum observable splitting is three times the principal value along the symmetry axis.
Experimentally, several triplet centers in irradiated ␣-quartz samples have been identified over the years. 32, 15, 16 The nature of the centers seems to depend on the nature of the radiation. In light of the results for T III and T IV reported in Table I the centers found by Bossoli, Jani, and Halliburton 15 in electron-irradiated ␣-quartz seem particularly interesting. Working with a microwave frequency of 9.3165 GHz and a magnetic field oriented along the c axis these authors identified three triplet centers with line separations of 5, 11, and 18 G, respectively. These centers are com- Table I , T III and T IV appear to be candidates for E 1 Љ and E 2 Љ , respectively. In order to investigate this hypothesis further, a simulation of the EPR experiment was performed using the calculated parameters for the magnetic-dipole coupling. To account for the threefold screw symmetry along the c-axis rotation of the magnetic field in the plane perpendicular to a 1 as well as in planes rotated 120°clockwise and counterclockwise around the c axis was considered. The largest peak separations were in both cases found in the plane perpendicular to a 1 . In Fig. 4 the resulting peak separation is shown as a function of the magnetic field orientation relative to the c axis. The sign of the separation is an arbitrary choice which has no bearing on the experimental signal. For T III , the peak separation with the field parallel to the c axis is found to be 8 G and the maximum peak separation is 157 G. For T IV , the values are 1.3 and 68 G. Thus the maximum peak separations are in reasonably good agreement with the experimental values and also the comparatively small peak separation with a c-parallel magnetic field is qualitatively reproduced here. For T IV , the quantitative agreement between theory and the experimental signal is less satisfactory at this field orientation, but as can be seen from Fig. 4 , the variation of the peak separation with field angle is steep here and small errors in the relative orientation of the spin densities can significantly affect the results. I will therefore tentatively assign the signals E 1 Љ and E 2 Љ to the triplet geometries T III and T IV on the basis of the above results.
Also shown in Fig. 4 are the predictions of the point dipole approximation, assuming the spin density distributions of the unpaired electrons to be delta functions at the positions of Si 1 000 and Si 3 010 . It is evident that the finite extent of the spin densities has a significant influence on the results. Note in particular that the difference in magnitude of the dipole couplings between T III and T IV is much smaller in the point dipole approximation. This is due to the fact that the change in position of Si 1 000 between the two states also affects a flipping of the direction of the orbital in which the unpaired spin resides. Thus, when going from T III to T IV the electronic spin densities are moved further apart from each other than the atomic coordinates reveal. The identification of T III , T IV with the E 1 Љ and E 2 Љ centers would appear much more dubious from the point dipole results alone. This clearly demonstrates the importance of accounting for the spin density shape at intermediate distances between defects. Note also the relatively large discrepancy between the two approximations at ϭ0.
Hyperfine parameters calculated for 29 Si nuclei at the Si 1 000 , Si 2 000 , and Si 3 010 positions, as well as 17 O at the position of O 4 010 are given in Table II in units of Gauss. The anisotropic tensors have approximately axial symmetry and therefore only the component of largest magnitude (A ͉͉ ) has been given. The isotropic coupling is determined by the s component of the wave function right at the nucleus, while the magnitude of the anisotropic tensor roughly follows the occupation of the p states. Therefore, contrary to what one might naively expect, the anisotropic tensor constitutes the better measure of spin occupancy at a particular atom, whereas the isotropic coupling is more indicative of wave function shape (s-p hybridization͒. The hyperfine parameters have been calculated for the T II , T III , and T IV geometries since these can be expected to be stable enough to be observable, at least at low temperatures. The lifetime of the T I state will be on the order of miliseconds since the bond between Si 1 000 and Si 2 000 will immediately reform when the system reverts back into the singlet state. The hyperfine parameters The presence of a hyperfine nucleus at a triplet center leads to a splitting of the signal into two doublets whose separation reflects the magnitude of the hyperfine couplings. Since the 29 Si nucleus is only 5% abundant the dominant hyperfine signal comes from states in which only one magnetically active nucleus is present at a triplet center. In the T III state the hyperfine parameters found here predict a splitting between doublets of 230 G if the magnetic nucleus is at the position of Si 1 000 and 287 G if it is at the Si 3 010 position. Experimentally, Bossoli et al. found splittings of 195 and 203 G for the E 1 Љ center. For E 2 Љ the reported splittings were 170-185 and 209 G whereas the present calculations predict 197 and 275 G, respectively. Although the magnitude of the hyperfine couplings are somewhat overestimated by the theory, the reduction of the Si 1 000 value for A iso when going from T III to T IV is clearly reflected in the experimental results.
The experimental value of A iso for an ordinary EЈ center is 412 G, 33 but theoretical studies using a pseudopotential method similar to the one employed here predicted a value of 468 G, 6 close to the results found in the present work for Si 1 000 in the T II and T III states. Therefore it seems likely that the Si 1 000 A iso parameter is similar to the ordinary EЈ center value in states T II , T III but has a smaller value in the T IV structure. In crystalline quartz the doublet spectrum of the EЈ state can be clearly distinguished from the spectra of the triplet states discussed here, so the present results are of no consequence for the interpretation of the ordinary EЈ signal. In amorphous silica the interpretation of experimental data is less straightforward, and one can speculate that the observed EЈ spectra may have contributions from states similar to T II -T IV or the geometry described by Donadio et al. 9 Such a signal would be broadened by the dipole-dipole interactions due to the random orientation of the dipole-dipole coupling tensor, so a state with a spin separation of 4-5 Å would be practically invisible in EPR ͑but not in optical͒ spectroscopy. States with intermediate separation, such as T III and T IV , would lead to a somewhat larger signal broadening than observed experimentally, 34 meaning that such states cannot contribute strongly to the spectra. However, at separations beyond 15-20 Å the dipole-dipole broadening would be hard to distinguish, so further diffusion of dangling bonds in the amorphous network is a possibility that cannot immediately be ruled out. The broadening of the hyperfine doublet of ϳ50 G observed in amorphous silica 34 is reasonably consistent with the spread in the hyperfine parameters calculated here, but of course this does not prove the diffusion hypothesis as it could also be caused by the structural disorder in other ways. tropic hyperfine tensor. Experimentally, no Ge signals from EЉ-like states have been reported, and in general Ge hyperfine splittings are rarely resolved due to the high (Iϭ Ϫ4 cm Ϫ1 ). 35 Watanabe et al. reported a value of 251 G for a silica fiber. 36 Again it must be stressed that the geometries investigated in the present work do not constitute proper models of a doublet EЈ center. Nevertheless it is interesting to notice that these experimental values correspond reasonably well with the theoretical results for Ge 1 000 in the T II Ge and T IV Ge geometries, especially when considering that the present approach tended to overestimate the 29 Si isotropic couplings somewhat. Thus it is possible that the two EЈ center variants observed transform into each other by passing the threefold coordinated Ge atom through the plane of its nearest neighbors. There are, however, other possible interpretations ͑such as the substitutional Ge being present at either the long-or short-bonded side of the O vacancy͒ and direct modeling of the doublet-state geometry will be needed to resolve the issue. In addition, it should be noted that there are some technical issues to be sorted out in connection with the calculation of 73 Ge hyperfine parameters: Pacchioni and Mazzeo 37 have recently reported that cluster model calculations using a Gaussian basis set and Hartree-Fock or combined HartreeFock-DFT energy functionals predicted isotropic hyperfine parameters of 164 -192 G, thus underestimating the experimental values considerably in contrast to the overestimation found in the present work.
IV. CONCLUSIONS
The triplet-state energy landscape of a neutral oxygen vacancy in ␣-quartz has been investigated and four different local minima have been identified. Dipole-dipole couplings between the unpaired electrons and hyperfine interactions with 29 Si and 17 O nuclei have been calculated and related to EPR experiments. Two triplet signals observed experimentally are in this way assigned to two of the metastable geometries found in the theoretical calculations. This provides experimental support for the idea that the Si dangling bonds around an O vacancy can be widely separated from each other through structural reconstructions. By substituting Ge atoms into some of the structures it is demonstrated that substitutional Ge impurities act as traps for dangling bonds in a silica network with a trapping potential of about 1.5 eV.
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